Summary. Ovariectomy-induced delay of implantation was used to study the role of the uterine environment in controlling implantation in mice. Labelling studies in vivo showed that uterine protein synthesis and secretion is maximal 2\p=n-\5h and 24\p=n-\30h after the oestradiol injection which initiates implantation. Embryos removed from uteri 5,12 or 30 h after oestradiol injection were able to transport and utilize precursors of nucleic acids and proteins in short-term cultures at the same rate as normal embryos, although 'delayed' embryos had low levels of activity. These results suggest that 'delayed' embryos are metabolically activated within 5 h of release from delay, perhaps because of the hormonally-induced changes in uterine proteins which occur at this time.
Introduction
During early development, the rodent uterus regulates embryonic metabolism through the two ovarian steroids, oestrogen and progesterone (Psychoyos, 1967) . In the nonlactating mouse, the development of the blastocyst takes place in an oestrogen-sensitized uterus (Finn & Martin, 1972) and results in elevated levels of embryonic RNA synthesis (Daentl & Epstein, 1971) , protein synthesis (Epstein & Smith, 1973) , and other metabolic activities (McLaren, 1973) . In a lactating rodent (McLaren, 1968) , or one which has been ovariectomized before the endogenous Oestrogen surge' and the pregnancy maintained with exogenous progesterone (rat: Psychoyos, 1967; mouse: Yoshinaga & Adams, 1966) , the embryos enter an unsensitized uterus and become metabolically quiescent (McLaren, 1968; Weitlauf, 1973 Weitlauf, ,1974a .
This paper describes an analysis of the interaction, leading to implantation, between the embryo and its uterine environment using the experimentally induced delay of implantation in the mouse (Yoshinaga & Adams, 1966) as a model system.
Materials and Methods
Outbred mice of the CFLP strain were induced to superovulate with 10 i.u. PMSG (Folligon: Organon) and 10 i.u. HCG (Chorulon : Organon) 48 h later. CFLP males were used for mating and the day the vaginal plug was found was designated as Day 0-5 post coitum (p.c.) . In these mice, embryos enter the uterus on the morning of Day 3-5 and the oestrogen surge occurs in the afternoon, after which the embryos expand and lose their zonae by the morning of Day 4-5. Implantation has begun by the evening of Day [4] [5] (Gardner, 1972) .
The ovaries were removed under Avertin (Winthrop) anaesthesia, leaving the oviducts intact, before 12.00 h on Day 3-5. Pregnancy was maintained by subsequent daily s.c. injections of 1 mg progesterone (A4-pregnen-3,20-dione) Lowry, Rosebrough, Farr & Randall (1951) . Radioactive protein was precipitated and counted as described by Davies & Hall (1969) .
Samples for electrophoresis were reduced with 1 % ß-mercaptoethanol and analysed on sodium dodecyl sulphate (SDS)-polyacrylamide gels calibrated with proteins of known molecular weight (Shapiro, Vinuela & Maizel, 1967) . Gels containing radioactive proteins were cut into 2 mm slices, solubilized using the techniques of Young & Fulhorst (1965) , and counted in Triton-toluene scintil¬ lation fluid (Patterson & Greene, 1965) .
The handling and washing of embryos and extraction of labelled RNA were carried out as de¬ scribed by Daentl & Epstein (1971 (Whittingham, 1971) and the acid-soluble and insoluble material was isolated as described by Brinster (1971) .
Results

Uterine proteins
The total protein content of uterine flushings during normal pregnancy in mice is small ( The synthesis and secretion of proteins into the uterine lumen was therefore examined systematic¬ ally by pulse labelling uteri at various intervals after the oestradiol injection. The results in Table 2 demonstrate that there were two periods of synthesis and/or secretion of uterine proteins at (Todaro, Lazar & Green, 1965; Sander & Pardee, 1973 embryos was linear for up to 6 h and was independent of total uptake at the concentration of precursor used (1-3 µ ). Table 3 demonstrates that after 4 h in culture the total uptake of uridine and its incorporation into RNA by normal embryos was substantially greater than for 'delayed implanting' embryos. However, after 24 h of culture the activity of the two types of embryo was similar. When
[3H]leucine uptake and incorporation into protein by 'delayed' and normal embryos was compared, the 'delayed' embryos were substantially less active than normal 4-5 day embryos (Table 3 ), but their activity increased after prolonged incubation, indicating that any repressive uterine influence on the delayed embryos had been overcome and resulted in activation of nucleic acid and protein synthesis similar to that of normal embryos. Short-term incubations are therefore necessary to detect metabolic differences between embryos.
To observe the effects of initiating implantation in vivo, embryos were removed from the uteri of mice in delay at 5,12 and 30 h after injecting the mother with oestradiol and their metabolic act¬ ivity was compared with that of unstimulated 'delayed' embryos and normal embryos (Table 3) . The activated embryos behaved similarly regardless of the time spent in the uterus before incubation. The uptake and incorporation of leucine and uridine approached that of normal 4-5 day p.c. embryos within 5 h of the oestradiol injection.
Discussion
These experiments have confirmed the existence of proteins specific to the uterine lumen of the mouse (Mintz, 1970) and demonstrated changes in these macromolecules following the induction of implant¬ ation. Changes in uterine components during early pregnancy and the oestrous cycle have been observed in other species including the rabbit (Daniel, 1968) , pig (Murray, Bazer, Wallace & Warnick, 1972) , and man (Shirai, Iizuka & Notake, 1972) . A steroid-binding function has been suggested for the progesterone-dependent rabbit protein, uteroglobin (Arthur, Cowan & Daniel, 1972; Fowler, Johnson, Walters & Pratt, 1976) , but the function of the other uterine proteins and their possible roles in maintaining the development of the embryos remain obscure. It has been shown that uterine control is not operating at the level of availability or restriction of simple nutrients during this period (Weitlauf, 1968 (Weitlauf, , 1971 and therefore the proteins that appear in the flushings after the initiation of implantation could be involved in controlling embryonic growth.
Since the cells of a diapausing embryo are probably arrested in the G-l phase of the cell cycle (Sherman & Barlow, 1972) as are other non-dividing cells (Costlow & Baserga, 1973) , it is possible that the stimulus to implant is associated with a transition to the S phase (DNA synthesis). This is likely to result in increased transport and incorporation of nucleosides and amino acids similar to those induced by mitogenic stimulation or serum repletion in a variety of cell types (Sander & Pardee, 1973) . Although the absence of data on endogenous pool sizes makes it difficult to compare the different types of embryos, previous autoradiographic studies of normal and 'delayed' embryos have confirmed in-vitro observations to be a true indication of the activity of such embryos in vivo (Weitlauf, 1971) . In addition, the extent of uptake and incorporation of precursors into RNA and protein by normal preimplantation embryos is comparable to the values reported in previous studies using simi¬ lar assay conditions (Brinster, 1971 ; Daentl & Epstein, 1972) . Differences in incorporation of leucine and uridine in vitro after short culture periods are therefore taken to be indicative of a true difference in metabolic activity between diapausing and normal embryos. Activity is expressed on a per embryo basis in this paper, though mitosis may continue in some cells of 'delayed' embryos, resulting in an increase of approximately 20% over the total cell number in normal embryos (McLaren, 1968; Sherman & Barlow, 1972) .
To understand the control of implantation, it must be determined whether embryonic activity is regulated directly by the ovarian steroids and, if not, how their effect is mediated through the uterus. The experiments described here do not completely exclude the possibility that steroids may be having a direct effect on embryos in vivo or in vitro (Smith & Smith, 1972; Lau, Davis & Chang, 1973) . However, for the in-vitro experiments, steroid contamination was kept as low and as uniform as possible by washing all embryos three times in flushing medium and using a single batch of fetal calf serum after extensive dialysis. Under these conditions, 'delayed' embryos required more than 4 h incubation before uptake and incorporation ofuridine increased to normal 4-5 dayp.c. levels (Table 3) . This lag for optimal RNA synthesis in vitro only occurred in 'delayed' embryos and has been reported by others (Psychoyos & Bitton-Casimiri, 1969; Weitlauf, 1974b) . It is also associated with increased C02 production (Menke & McLaren, 1970) and the ability to resume proliferation (Gwatkin, 1966) . All these activities are dependent upon a non-dialysable component(s) of fetal calf serum and its omission from the medium leads to resumed quiescence of the embryos. It therefore appears that after the oestrogen surge the uterus provides the same growth-enhancing environment as a serumcontaining medium, and maintenance of the 'delayed' condition is due to absence of these growth stimuli.
The results of the experiments involving activation of embryos in vivo support this idea. Perme¬ ability and synthetic changes are established within 5 h of priming with oestradiol (Table 3 ). The incorporation of uridine into embryonic RNA, detected in utero by autoradiography, increases within 1 h of administering oestradiol to 'delayed implanting' rats and is maintained for up to 18 h (Dass, Mohla & Prasad, 1969) . The increase in metabolic activity observed in vitro occurs without the 4 h lag period observed for 'delayed' embryos (Table 3) . This interval could represent the 4 h preactivation period demonstrated in the experiments of Weitlauf (1973 of Weitlauf ( ,1974b , and the absence of such a lag period for embryos activated in vivo suggests that the necessary metabolic changes take place in response to the oestradiol treatment before removal of the embryos from the uterus.
Factors responsible for the activation of preimplantation embryos could be steroids (probably in the form of steroid-protein complexes) or proteins or glycoproteins acting in a similar manner to that of mitogenic lectins or polypeptide hormones. It is difficult to exclude the influence of steroids in in-vivo or in-vitro experiments. However, the observation that 'delayed' embryos undergo similar metabolic changes after activation in vivo or in vitro suggests that the factors responsible are growthpromoting proteins or glycoproteins similar to those already isolated from serum (Holley, 1974) .
Since the metabolic activation of 'delayed' embryos 5 h after oestrogen administration in vivo occurs in association with a major change in the profile of uterine proteins, it seems worthwhile investigating whether these uterine proteins (either alone or as steroid-protein complexes) have any direct regulatory influence on embryonic growth. Johnson for helpful discussions.
